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ABSTRACT: In this letter, multi-band coplanar waveguide (CPW) fed
multiple-input-multiple-output (MIMO) antenna is presented for Blue-
tooth, WLAN and WiMAX applications. The elements of MIMO antenna
are identical CPW-fed printed monopole antennas whose bandwidth per-
formances are improved by employing inverse U and meander line slots.
In the design of the antennas, a low-cost FR4 substrate is used and the
size of the element antennas are optimized as 35 mm x 30 mm. Accord-
ing to the measurements, S11 is below 210 dB in 2.38 GHz – 2.52 GHz
and 3.19 GHz – 6.44 GHz bands with 0.2 dB and 2.9 dB average peak
realized gains, respectively. The element antennas are placed orthogo-
nally and fed independently to obtain MIMO structure whose size is
optimized as 42 mm x 62 mm. The performance of MIMO antenna is
also examined in terms of diversity parameters such as envelope corre-
lation coefficient and apparent diversity gain, which are lower than 0.02
and higher than 9.9 in the operating bands, respectively. VC 2016 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 58:2182–2186, 2016;
View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.30001
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1. INTRODUCTION
Multiple-input-multiple-output (MIMO) systems have been
employed widely in modern wireless communication in the last
decades because they increase channel capacity, channel reliabil-
ity and data rate by reducing multipath fading without the need
of additional transmitted power and bandwidth [1–3]. Antenna
diversity is one of the well-known techniques used in MIMO
systems and it is used to obtain independent replicas of the orig-
inal signal to avoid channel attenuation such as deep fades.
There are several methods to produce diversity. Among them
spatial, pattern and polarization diversities are the ones mostly
employed. In spatial diversity, the antennas are separated in
space for multipath arrival. In pattern diversity, multiple direc-
tional beams are employed to take the advantage of incoherence
of the rays with different angle of arrivals [2,3]. Polarization
diversity uses antennas with different polarizations and it is
effective as spatial diversity, providing space and cost saving
and compensating polarization mismatches [2,4]. Although theo-
retical capacity of MIMO systems linearly increases with the
number of antenna elements in a rich multipath environment, it
is reduced because of the correlation between element antennas
in practice [5]. This correlation also deteriorates the desired
radiation pattern by increasing the mutual effects. Therefore,
MIMO antennas must have low envelope correlation coefficient
(qe), high diversity gain and high isolation.
Moreover, MIMO antennas need to be compact, light-
weighted, relatively small and planar in today’s space and
weight limited devices. Many modern communication systems
such as Bluetooth, WLAN and WiMAX are allocated in multi-
ple frequency bands as can be seen in Table 1. Hence, MIMO
antennas designed for those systems need to be multi-band or
wideband. Printed antennas are preferable for those purposes
because of their convenience, easy fabrication and integration in
the applications [6–8]. Many printed MIMO antennas have been
proposed for Bluetooth/WLAN/WiMAX applications in the liter-
ature [7–9]. The MIMO antenna in Ref. 7 only covers 5.8 GHz
band and the one in [8] only covers 2.45 GHz band. It is also
seen that the bandwidth requirement in Refs. [8] and [9] is
determined as jS11j<26 dB, which is actually a high value.
Therefore, their bandwidth performances need to be improved
for their effective usage.
In regard to feeding of an antenna, coplanar waveguide
(CPW) feeding attracts more and more attention lately due to its
advantages over microstrip feeding. It has wider bandwidth per-
formance with lower dispersion and lower radiation leakage
than microstrip feed line. Furthermore, its implementation to
active and passive devices is easier. The detailed information
about CPWs can be found in [10]. Even though there are some
studies about CPW-fed MIMO antennas in the literature [11,12],
they do not cover all the bands given in Table 1. Therefore, in
this letter, multi-band CPW-fed MIMO antenna for Bluetooth,
WLAN and WiMAX applications is investigated.
2. ELEMENT ANTENNA DESIGN AND RESULTS
To obtain the MIMO antenna, first of all, a wideband element
antenna covering most of the WLAN bands around 5 GHz was
intended to design by using a rectangular patch with the dimen-
sions of 14 mm x 16 mm as seen in Figure 1. In the preliminary
analysis for the comparison of feeding structures, microstrip
feeding lines including the ones having inset-fed, partial ground
and also grounded CPWs were investigated as well, and it was
seen that the optimum results were obtained with CPW feeding
in terms of impedance matching and gain, as expected. Compre-
hensive numerical studies are performed by using HFSS to
obtain the optimum design before the fabrications and
measurements.
Implementation of proper slots having specific locations on
printed antennas is generally used for the excitation of addi-
tional operating frequencies [12,13], band stopping [11,14],
TABLE 1 Frequency Allocations
Band Designation Frequency (GHZ)
Bluetooth 2.400–2.485 (802.15.1)
Wireless local area
network (WLAN)
2.412–2.472 (802.11/a-n)
3.657–3.690 (802.11y)
4.942–4.948 (802.11/a-j)
5.180–5.825 (802.11/a-n)
WiMAX 2.4, 5.8 (Unlicensed)
2.5, 3.5 (Licensed)
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antenna miniaturization [15], gain and bandwidth enhancements
[16]. In this study, slot loading technique was employed to
cover the 2.4 GHz – 2.5 GHz band by implementing an inverse
symmetric U slot on the radiating patch. The length and the
width of the slot were used to control the excitation frequency
and bandwidth of the lower band, respectively. However, the
maximum bandwidth had been obtained as 60 MHz which is
not sufficient for Bluetooth applications and a meander line slot
was employed in addition to the first one to obtain the necessary
bandwidth. The antenna was fabricated by using a low-cost FR4
substrate whose effective permittivity, loss tangent and thickness
are 4.4, 0.02 and 1.5 mm, respectively. Illustration of the result-
ing antenna with all necessary dimensions and the fabricated
one are presented in Figures 1(a) and 1(b), respectively.
The effect of combining the bandwidths of the two slots in
increasing the total bandwidth around 2.45 GHz can be seen in
both of the simulated and measured results presented in Figure
2. Simulated and measured and peak realized gains (Gpr) are
presented in Figure 3. According to the figures, simulated and
measured values are in very good agreement and the antenna
operates between 2.38 GHz – 2.52 GHz and 3.19 GHz –
6.44 GHz with average peak realized gains of 0.2 dB and 2.9
dB, respectively. Therefore, the element antenna can be used for
Bluetooth, WLAN and WiMAX applications.
Figure 1 Element antenna (a) Geometry (b) Fabricated. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 2 S11 of the element antenna. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
Figure 3 Peak realized gain of the element antenna
Figure 4 Structure of MIMO antenna (a) Geometry (b) Fabricated (d1,
35 7, d25 10, d4 512 all dimensions are in mm). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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3. MIMO ANTENNA DESIGN AND RESULTS
CPW-fed MIMO antenna was designed by using two element
antennas and they were placed orthogonally in order to utilize the
polarization diversity and reduce the mutual coupling between
them [4,11]. The distance between the element antennas was opti-
mized to avoid bandwidth deteriorations by considering compact-
ness. The dimensions of the resulting MIMO antenna were
optimized as 42 mm 3 62 mm and it is shown in Figure 4. These
dimensions make the MIMO antenna more compact when it is
compared with the other antennas proposed in Refs. [9] and [13].
The simulated and measured S11, S22 and S21 parameters of the
MIMO antenna are shown in Figure 5. It is seen that both S11 and
S22 parameters are below 210 dB in 2.38 GHz–2.52 GHz and 3.19
GHz–6.44 GHz bands corresponding to Bluetooth, WLAN and
WiMAX. The results are consistent and in a very good agreement
with the ones obtained in the previous section. High isolation
between antenna elements in a MIMO system is required to reduce
mutual coupling effects and increase MIMO capacity. Therefore,
S21 parameter which indicates the isolation between the antennas,
was examined and the results are also presented in Figure 5.
According to the figure, the isolation is always greater than 15 dB in
the interested frequency range. Those results can be considered very
satisfactory especially when compared with the 10 dB level
accepted to be enough [1]. Thus, it can be said that the mutual cou-
pling of the element antennas is low and they can operate independ-
ently from each other. In Figure 6, simulated surface current
distributions of the proposed antenna are presented for 2.45 GHz
and 5.8 GHz. Current distributions shown in Figures 6(a) and 6(b)
are obtained when port 1 is excited, and those shown in Figures 6(c)
and 6(d) are obtained when port 2 is excited. According to the fig-
ure, current is concentrated around the slot loadings for 2.45 GHz.
For 5.8 GHz, it is concentrated at the corners of radiating patch and
ground. It can also be observed from the figure that the coupling
between the element antennas at 2.45 GHz is higher than the one at
5.8 GHz but its value is less than 215 dB which was obtained by
optimizing d3 and d4.
The simulated and measured normalized co- and cross-
polarization patterns are presented for 2.45 GHz and 5.8 GHz in Fig-
ure 7. In the measurements, when one of the antennas is excited, the
other one is terminated with a matched load. One can see from Figure
7 that each antenna in MIMO structure has almost omni-directional
radiation patterns in its azimuth plane (y-z plane for Antenna 1 and x-
z plane for Antenna 2). In the normalized co-polarization radiation
patterns, it is observed that there are no sharp nulls which are not
desired for mobile communication [9]. Co- and cross-polarization
discrimination levels are also better than 10 dB at those frequencies.
Figure 5 S parameters of MIMO antenna (Dotted: Simulated, Solid:
Measured; Black: S11, Gray: S22, Blue: S21). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 6 Simulated surface current distributions (a) Port 1 is excited at 2.45 GHz (b) Port 1 is excited at 5.8 GHz, (c) Port 2 is excited at 2.45 GHz,
(d) Port 2 is excited at 5.8 GHz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Envelope correlation coefficient qe is an important figure of
merit which is used to evaluate the overall diversity performance
of MIMO antennas. It can be determined by many approaches
such as full sphere complex radiation pattern, impedance matrix,
Clarke’s formula and S parameters [5,8,17–20]. Among those, the
quicker approach based on S parameters as in Ref. [20] is not
only less laborious and simpler but also suitable for the determi-
nation of measured qe which is given by
qe5
jS11S121S21S22j2
12 jS11j21jS21j2
  
12 jS22j21jS12j2
   (1)
The simulated and measured values of the MIMO antenna are
presented in Figure 8. In the interested frequency range, the meas-
ured values of qe is below 0.02 leading to good diversity perform-
ance. Diversity gain Gdiv indicates the improvement in SNR of a
received signal that is obtained from different receiver antennas also
called branches [4,21]. Gdiv5 Pdiv=Pbranch, where Pdiv is the power
level after diversity combining and Pbranch is the power level of the
reference branch, permits a direct comparison of improvement pro-
vided by MIMO structure compared to a single antenna [4]. Gdiv is
called apparent diversity gain Gapp when the reference branch is
chosen as the stronger of the two branches and it is defined as Gapp
510
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12jqej2
q
[21]. Figure 9 shows the simulated and measured
Gapp. According to the figure, Gapp is higher than 9.9 in the inter-
ested bands, which provides a very good diversity performance for
practical multipath environments.
4. CONCLUSION
A slot loaded CPW-fed printed monopole antenna has been
designed and used as the element antenna to obtain a multi-band
CPW-fed MIMO antenna. The element antenna operates in 2.38
GHz–2.52 GHz and 3.19 GHz–6.44 GHz bands with average peak
realized gains of 0.2 dB and 2.9 dB, respectively, and it is suitable
for Bluetooth, WLAN and WiMAX applications. The important
performance parameters such as isolation between antenna ele-
ments, envelope correlation coefficient qe and apparent diversity
gain Gapp were analyzed to investigate the diversity performance
of the proposed MIMO antenna. From the measurements, it is seen
that the antenna provides isolation greater than 15 dB, qe lower
than 0.02 and Gapp higher than 9.9 dB in the interested frequency
range. There is a good agreement between the simulated and meas-
ured results. Therefore, the proposed MIMO antenna is suitable
for integration and usage within portable devices.
Figure 7 Normalized radiations patterns of the MIMO antenna (Black: Measured Co-Pol, Black Dashed: Simulated Co-Pol, Blue: Measured Cross-
Pol, Blue Dashed: Simulated Cross-Pol). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 8 Envelope correlation coefficient of the MIMO antenna Figure 9 Apparent diversity gain of the MIMO antenna.
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ABSTRACT: This work is aimed at presenting the water saving poten-
tialities of a scalable smart irrigation system applied to precision agri-
culture. A fuzzy logic strategy is integrated in a distributed monitoring
system based on the wireless sensor network technology. The optimal
irrigation schedule is adaptively estimated according to the real-time
measurement of the soil status and the weather conditions. The objective
of the system is to optimize the water content in the soil to (i) maximize
the health status of the plants, (ii) improve the quality of the products,
and (iii) reduce the waste of water. The proposed system has been pro-
totyped and experimentally validated in an apple orchard, close to the
city of Trento, in the north of Italy. The performances of the proposed
system are compared with those of a standard irrigation scheduler to
point out the amount of saved water as well as the improved stability of
the soil moisture level. VC 2016 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 58:2186–2189, 2016; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.30000
Key words: wireless sensor networks; fuzzy logic; smart farming; deci-
sion support system
1. INTRODUCTION
The irrigation in agriculture considerably impacts on the global
water consumption (up to 80–90% in the developed countries),
and the water withdrawal is expected to increase by 20% before
2050 [1]. A more efficient exploitation of water resources is
mandatory to guarantee the sustainable food production for the
fast growing world population [2].
The information and communication technologies have been
recognized as fundamental tools to support the technological
advancements in the management of the agricultural processes.
In this framework, the wireless sensor network (WSN) technol-
ogy [3] has been applied to enable the distributed monitoring of
different physical parameters. The WSN properties such as the
scalability, low-cost, self-configurability, and multi-sensing have
stimulated the diffusion of small and low-power wireless sensors
to implement the so-called “precision agriculture” [4–6]. How-
ever, even if the sensing technologies and their integration in
embedded wireless devices are available in the state-of-the-art
(also commercial products exist nowadays), advanced methodol-
ogies for the sensor data processing and for the adaptive control
of the irrigation systems have been less investigated. To the best
of the author’s knowledge, the actuation strategies are limited to
preliminary studies or to proprietary and customized manage-
ment software, often calibrated for specific irrigation modalities
and equipment. The dissemination of research results as well as
their critical analysis and comparison with the performance of
standard irrigation methods is only partially documented.
In this paper, an actuation strategy based on the fuzzy logic
[7] for the unsupervised estimation of the optimal irrigation
schedule is proposed. The heuristically defined rules have been
defined starting from the empirical knowledge of expert farmers
in order to adaptively apply the human experience to the time-
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